Conclusions. Both resistant and susceptible B. pseudomallei strains exhibited filamentation during multitude of β -lactams drives adaptation and has led to the production and mutation of β -lactamases, Inactivation of specific PBPs targeted by β -lactam antibiotics induces well-defined facilitate the administration of antibiotics with confirmed activity against infecting strains. Optical 1 0 0 screening was previously used for the rapid AST of Gram negative biothreat agents to several classes of 1 0 1 antibiotics including aminoglycosides, tetracyclines, fluoroquinolones and β -lactams [20] . The time 1 0 2 required to accurately determine susceptibility decreased by up to 70% compared to conventional broth 1 0 3 microdilution (BMD) testing, but most of the antibiotic agents tested did not induce cell filamentation. rapid AST based on these analyses showed high categorical agreement compared to gold standard BMD 1 1 1 results. The morphological response of resistant strains was variable between studies; some reported 1 1 2 that cell shape remained unchanged in the presence of β -lactams, while others observed cell swelling resistant and susceptible B. pseudomallei strains in broth containing β -lactams, ii) quantify cell length, shape, and response during exposure to β -lactams, and iii) investigate the usefulness of cell morphology for rapid susceptibility testing of B. pseudomallei to β -lactams. We describe the utility of optical x MIC (16/8 µg/ml) ( Fig. S2) . While the MCL was 6 µm, 15/100 cells were ≥ 20 µm. Increasing all growth phases (Fig. 2B) , with more than 90% of cells measured ≥ 15 µm after four hours ( Table 2) .
greater than or equal to the MIC, but not to the same degree in sub-lethal amounts at ½ MIC value (1 3 0 9 µg/ml) ( Fig. 2B) . As a result of filamentation, instrument-derived growth values could not be used to 3 1 0 accurately determine susceptibility to CAZ. A wide distribution of cell lengths was noted for 724644 3 1 1 after four hours in all concentrations of CAZ tested, with MCLs between 53.5 and 66.5 µm (Fig. 4) .
3 1 2
Cells with lengths ≥ 100 µm were also recorded at each concentration. During exponential phase 3 1 3 growth, CAZ induced the formation of shorter filaments for the susceptible MSHR1655 strain (Fig. 2B) .
3 1 4
In the presence of 4 and 8 µg/ml (MIC and 2 x MIC), MCLs were 22 µm. Unlike 724644, formation of 3 1 5 spheroplasts and cell lysis was observed for MSHR1655 exposed to inhibitory CAZ concentrations, 3 1 6 however these morphology changes did not occur rapidly. Cell lysis was observed after ~ 8 h in 3 1 7
concentrations of CAZ corresponding to the 1 to 4 x MIC ( showed morphology changes including, formation of short filaments, followed by spheroplasts and 3 1 9 subsequent cell lysis in media containing 16 µg/ml CAZ (Video 5). As growth values for MSHR1655 3 2 0 decreased in later time points due to cell lysis, susceptibility based on optical screening could be 3 2 1 determined for this strain (Fig. S1C) . At 8, 16, and 32 µg/ml CAZ, corresponding to the CLSI 3 2 2 breakpoint and higher concentrations, susceptibility was determined after 9.2 ± 0.7, 9.3 ± 0.0, and 8.8 ± 3 2 3 0.2 h, respectively, with a 95% confidence level. changes for five susceptible B. pseudomallei strains with MICs ranging from 0.25 to 2 µg/ml (Table 3) .
2 7
Unlike AMC and CAZ, cell filamentation was not observed in broth containing IPM at and above the MICs in video imaging of resistant or susceptible strains. Instrument-derived growth values could be 3 2 9
used to accurately monitor bacterial replication in IPM. Since growth is inhibited for all susceptible B. pseudomallei strains at 8 µg/ml IPM based on CLSI interpretive criteria for conventional BMD, AST followed by cell lysis induced by IPM for all B. pseudomallei strains tested, the time required to 3 3 3 determine susceptibility was between 1.3 ± 0.9 and 3.8 ± 0.7 h in both concentrations ( time to cell lysis was variable between strains commencing as early as 3.0 ± 0.0 to h for 724644 and as 3 3 7 late as 9.8 ± 0.2 h for Bp6296 ( Fig. 3A & Table 3 ). Optical screening images of strains captured in the 3 3 8
presence of MICs of IPM after 10 h showed more spheroplasts were present for strains with longer times 3 3 9
to cell lysis (Bp6296 and Bp1631) ( Fig. 3B) . However, at 8 µg/ml IPM (2 to 32 x MIC values), the time 3 4 0 range for cell lysis was narrower between strains, occurring between ~ 3.0 to 6.0 h ( Table 3) . rapid cell lysis was induced at and about the MIC (Fig. 3A) . In media containing ½ IPM MIC, both 3 4 9 resistant and susceptible strains Bp1651 ( Fig. S1B) and Bp1631, respectively, displayed a lag phase 3 5 0 lasting ~ 9 h. In silico identification of penicillin binding proteins in B. pseudomallei.
3 5 3
Ten genes encoding putative PBPs were identified in B. pseudomallei 1026b using the 3 5 4
UniProtKB database. Based on conserved PBP domains predicted by Pfam and homology to PBPs in P.
3 5 5 aeruginosa PAO1, strain 1026b contains five high molecular mass (HMM), multi-modular (containing both transglycosylase and transpeptidase domains), class-A PBP-1 homologs (II0265, II0898, I3403, Bacterial morphology is both complex and dynamic, and exposure to antibiotics can cause plasticity shape. These proteins are also the targets for β -lactam antibiotics and their inactivation results in changes including the concentration, the duration of the exposure, the bacterial species, and the 3 7 0 antimicrobial susceptibility [26] [27] [28] . PBP profiles and the binding affinity and kinetic interactions of β - insight into bacterial response and antibacterial mechanisms of action. In E. coli, the primary affinity of amoxicillin is directed towards PBP-1s and PBP-2 [32]. The morphology from filaments to spheroplasts or lysis has also been shown to increase with the duration of was also observed in the presence of AMC for resistant and susceptible strains suggesting more than one 3 9 7 PBP was inactivated. At relatively low concentrations, CAZ was shown to bind to PBP-3 and caused rapid filamentation; Based on our observations, CAZ may have a higher selective affinity for PBP-3 over time in strain The resistant strain Bp1651 formed filaments early on in sub-inhibitory levels of CAZ. Then, The time to morphology restoration was concentration dependent and may be attributed to the 4 1 5 degradation of CAZ by the β -lactamase enzyme, PenA, which has acquired mutations correlating to high 4 1 6
activity against this antibiotic [14] . In the presence of sub-inhibitory and inhibitory concentrations of morphological studies of other Gram-negative species [26] . Median cell length of strain 724644 was 4 2 7 more independent of CAZ concentration and cells with lengths greater than 100 µm were recorded in CAZ and AMC. Filaments with lengths up to 93 µm in the presence of sub-and lethal concentrations of β -lactams have been observed [40] .
In the presence of IPM at ½ the MIC, a small proportion of filamentous cells was observed in the response to β -lactams and antibiotic mechanisms of action. Identification of putative PBPs in the B. Using optical microscopy, we describe the morphology dynamics of B. pseudomallei strains with 5 0 2 distinct AST profiles, exposed to clinically relevant β -lactam antibiotics. Ten genes encoding putative 5 0 3
PBPs in the B. pseudomallei genome were identified and represent potential targets for β -lactams. Both lactam AST based on cell-shape alone requires more extensive analyses, growth attributes of B. pseudomallei reveal information about antibiotic response and antibacterial mechanisms of action. Surface Area (SESA), standard deviation (SD), and penicillin-binding proteins (PBPs). Ethics approval and consent to participate. Not Applicable. Consent for publication. Not Applicable.
2 0
Availability of data and material. Datasets used and analyzed for this study are available from the 5 2 1 corresponding author upon request. The minimal inhibitory concentrations (MIC) of amoxicillin-clavulanic acid (AMC) and ceftazidime absence of β -lactams. Bp1651 exposed to AMC (A) and IPM (B), MSHR1655 exposed to CAZ (C) and 724644 exposed to IPM (D). Drug concentrations (µg/ml) corresponding to the CLSI breakpoint for susceptibility (green dots) and MICs (blue dots). Graphs represent the average ± standard deviation from triplicate samples. Amoxicillin-clavulanic acid (AMC), ceftazidime (CAZ), and imipenem (IPM).
Figure S2. Cell morphology of B. pseudomallei 6788 in the presence and absence of AMC (µg/ml).
Optical screen images were captured after 6 h. Amoxicillin-clavulanic acid (AMC), CLSI breakpoints for susceptibility (green dotted line), MIC (blue line). T  o  m  c  J  C  ,  H  u  c  z  k  o  E  ,  B  a  n  v  i  l  l  e  J  ,  M  e  n  a  r  d  M  ,  K  o  l  e  k  B  ,  G  r  a  d  e  l  s  k  i  E  ,  K  e  s  s  l  e  r  R  E  ,  B  o  n  n  e  r  D  P  :   S  t  r  u  c  t  u  r  e  a  c  t  i  v  i  t  y  r  e  l  a  t  i  o  n  s  h  i  p  s  o  f  c  a  r  b  a  p  e  n  e  m  s  t  h  a  t  d  e  t  e  r  m  i  n  e  t  h  e  i  r  d  e  p  e  n  d  e  n  c  e  o  n  p  o  r  i  n  p  r  o  t  e  i  n  D  2  f  o  r  a  c  t  i  v  i  t  y  a  g  a  i  n  s  t  P  s  e  u  d  o  m  o  n  a  s  a  e  r  u  g  i  n  o  s  a  .   A  n  t  i  m  i  c  r  o  b  A  g  e  n  t  s  C  h  e  m  o  t  h  e  r   1  9  9  5  ,   3  9  :   3  9  4  -3  9  9  .  4  2  .  B  e  r  n  a  b  e  u  -W  i  t  t  e  l  M  ,  G  a  r  c  i  a  -C  u  r  i  e  l  A  ,  P  i  c  h  a  r  d  o  C  ,  P  a  c  h  o  n  -I  b  a  n  e  z  M  E  ,  J  i  m  e  n  e  z  -M  e  j  i  a  s  M  E  ,  P  a 
